Nucleotide sequence analysis revealed that the compensatory gyrA mutation in Escherichia coli DM750 affects DNA supercoiling by interchanging the identities of Ala-569 and Thr-586 in the DNA gyrase A subunit. These residues flank Arg-571, a site for trypsin cleavage that splits gyrase A protein between DNA breakage-reunion and DNA-binding domains. The putative interdomain locations of the DM750 mutation and that of E. coli DM800 (in gyrase B protein) suggests that these compensatory mutations may reduce DNA supercoiling activity by altering allosteric interactions in the gyrase complex.
DNA gyrase and DNA topoisomerase I are the bestcharacterized activities influencing bacterial DNA supercoiling (25) . Gyrase, an A2B2 tetramer encoded by the gyrA and gyrB genes, catalyzes ATP-dependent DNA supercoiling and is essential for cell growth (7, 25) . DNA topoisomerase I (topo I), encoded by topA, removes negative (but not positive) DNA supercoils and is one of several DNArelaxing enzymes present in Escherichia coli (25) . The expression of gyrase and topo I genes is sensitive to the supercoiled state of the chromosome: gyrase genes are downregulated by DNA supercoiling, whereas topA is upregulated (12, 24) . These results and others suggested that DNA supercoiling is homeostatically regulated by balancing the antagonistic activities of gyrase and topo I (12) . However, transcription also affects DNA supercoiling, and it has recently been proposed that the primary role of gyrase and topo I is to remove the respective positive and negative supercoils formed ahead of and behind the tracking RNA polymerase (10, 16, 27) . Whatever the detailed mechanism underlying regulation of DNA supercoiling, genetic studies of topo I mutant strains of E. coli emphasize the importance of balancing DNA supercoiling and relaxing activities. topA deletion strains are viable only because they acquire a secondary or "compensatory" mutation which in strains DM750 and DM800 has been mapped to the gyrA and gyrB genes, respectively (4, 17) . These mutant alleles compensate for the loss of topo I by producing gyrase subunits with defective supercoiling activity (6) .
Gyrase acts by passing a DNA segment through a transient enzyme-bridged double strand break in DNA (13) . The two 97-kDa gyrase A (GyrA) subunits mediate transient DNA breakage-reunion which is somehow coupled to ATP binding and hydrolysis by the 90-kDa gyrase B (GyrB) subunits (25) . Both A and B subunits appear to be organized into functional domains (5, (18) (19) (20) 23) . The X-ray crystal structure has recently been reported for the ATP-binding N-terminal domain of GyrB (26) . However, the large size of the enzyme complex and the absence of detailed structural information have hindered mechanistic studies using conventional strategies such as site-directed mutagenesis. As (14, 15a) , and clinical isolate 227 (2) . Therefore, we assume that both DM750 GyrA changes contribute to the altered phenotype. Thus, the DM750 compensatory mutation appears to be a novel structural change that affects GyrA activity by interchanging the identities of residues 569 and 586.
The two closely spaced substitutions in DM750 GyrA protein flank a site for trypsin cleavage (Arg-571) that generates two protein fragments with distinct functions (Fig.  2) (18, 20) . The N-terminal 64-kDa tryptic fragment (residues 7 to 571) when complemented with GyrB supported all the known reactions of gyrase, including DNA supercoiling (albeit less efficiently) (18, 19) . A genetically engineered N-terminal GyrA fragment (residues 7 to 523) mediated quinolone-dependent DNA cleavage and passive ATP-independent DNA relaxation but not DNA supercoiling (19) . It has been suggested that GyrA (residues 7 to 523) represents the functional DNA breakage-reunion domain and that residues 523 to 571 are somehow involved in coupling subunit interactions necessary for DNA supercoiling (19) . The DM750 Ala-569---Thr mutation (and possibly the Thr-586--*Ala change) lies in this same interdomain region (Fig. 2) .
At present, we do not know how the DM750 change affects gyrase activity. The interchange of Thr for Ala at position 569 and the inverse substitution at 586 occur in a region (residues 568 to 588 inclusive) predicted to form an alpha-helical segment (not shown), but it is not clear how these changes alter the Mg2' dependence of gyrase reconstituted with DM750 GyrA protein (6) . Mg2+ ions are required for A subunit binding to DNA (20) and have also been located in the ATP-binding site of gyrase B protein (26) . One or both mutations in DM750 GyrA could affect a direct interaction involving Mg2' binding or, more likely, could operate indirectly by altering the coupling between A-A or A-B subunit domains, e.g., with the ATPase sites of GyrB. Resolution of these questions will require enzymatic studies with purified gyrase subunits.
The position of the DM750 mutation between functional GyrA domains is analogous to that of the DM800 compensatory mutation in GyrB (Fig. 2) (11) . The Ala-Arg insertion in DM800 GyrB occurs after residue 382 adjacent to an in vivo proteolytic cleavage site (Arg-393) defining a 50-kDa C-terminal fragment (residues 394 to 804) that binds and activates GyrA (1, 5) (Fig. 2b) and a 43-kDa N-terminal fragment (residues 2 to 393) that binds ATP and may form part of the protein gate through which the translocated DNA strand passes during DNA supercoiling (26) . Previously, we proposed that the DM800 mutation reduces GyrB activity by affecting domain spacing within the gyrase complex (11) . Consistent with this view, the X-ray structure analysis of GyrB fragment (residues 2 to 393) shows that residues 366 to 392 form an extended alpha helix (26) which (if present in the intact protein) could serve to separate GyrB domains. The putative domain-spacing regions with their trypsin-sensitive sites share only weak sequence homology, although each has a dipeptide repeat (Fig. 2b) . It is interesting that the location of compensatory mutations in gyrase proteins contrasts with the locations of those conferring resistance to gyrase inhibitors. Mutations determining resistance to 4-quinolones and to coumarin drugs map within domains of the gyrase subunits ( Fig. 2a) (2, 3, 15, 28, 29) .
Compensatory mutations are an adaptive response that allow bacteria to survive the loss of topo I by redressing the balance of DNA supercoiling and relaxing activities. For coli gyrase A and B subunits. C denotes the locations of the DM750 mutation in GyrA and the DM800 mutation in GyrB (11) . Solid arrow, catalytic Tyr-122 in GyrA (8) . Solid circle and Q indicate positions of mutations conferring resistance to coumarins and to 4-quinolone gyrase inhibitors, respectively (2, 3, 15, 28, 29) . Numbers at left and right indicate N-terminal and C-terminal residues of gyrase subunits: residues 7 and 571 are tryptic cleavage sites in the native GyrA protein (18) ; proteolysis of GyrB at residue 393 has been observed in vivo (1, 5) . (b) . Sequence of E. coli GyrA and GyrB proteins and locations of compensatory mutations. *, identity between protein residues; *, conserved residues. Tandem repeat sequences are underlined. Solid triangle, site of tryptic cleavage of GyrA producing 64-kDa DNA breakage-reunion and 33-kDa DNA-binding fragments (18, 20) . Open triangle, site of presumed proteolytic cleavage of GyrB, generating a 50-kDa GyrA-binding fragment (1, 5) . The 43-kDa N-terminal GyrB fragment binds ATP (23, 26) . The sequences of wild-type E. coli K-12 GyrA and GyrB proteins have been reported previously (1, 22, 28) . but which catalyzes DNA relaxation (9) . Clearly, analysis of compensatory mutations should provide valuable insight into the structure and functions of gyrase and the other bacterial topoisomerases.
